Abstract: Vitamin B 12 deficit is one of the most common vitamin deficiencies. However, there is no consensus on the cut-off points for vitamin B 12 and its co-markers, such as folate, holotranscobalamin, methylmalonic acid and homocysteine. In order to establish the state of the art about cut-off points used to determine vitamin B 12 deficiency in the last decades, the database MEDLINE was used for searching studies published in adults between December 1992 and May 2014 (69 articles), using search terms like 'vitamin B 12 ', 'cobalamin', 'cut-off', 'deficiency' alone or in combinations. Broad ranges of cut-off points for vitamin B 12 and its biomarkers were identified: vitamin B 12 ranged between 100 pmol/L and 350 pmol/L, holotranscobalamin 20-50 pmol/L, methylmalonic acid 0.210-0.470 μmol/L, homocysteine 10-21.6 μmol/L, serum folate 3.7-15.9 nmol/L and red blood cell 124-397 nmol/L. For the majority of studies, the potential influence of age, analytical methods, gender and fortified food consumption was not taken in account when choosing cut-off values. This could explain the discrepancies between studies on vitamin B 12 and folate deficiency prevalences. We conclude that there is inconsistency in the literature regarding vitamin B 12 cut-offs. It would be necessary to establish different reference cut-offs according to age, considering the analytical methods used.
Introduction
Vitamin B 12 deficiency is still an important nutritional problem worldwide as subclinical deficiency affects well defined risk groups. Vitamin B 12 levels decreases with age [1] , which means that deficiency risk increases in parallel with age [2] [3] [4] . Therefore, subclinical deficiency is quite more prevalent in the elderly. Epidemiologic data shows that prevalence ranges from 6% to 40% [5] . However, at younger ages, a higher risk of developing vitamin B 12 deficiency has been described among vegetarians [5, 6] , patients with gastrointestinal disease [7] , people with depression [8] , people with high alcohol consumption [9] , and people suffering from renal insufficiency [7] . The main manifestations of vitamin B 12 deficiency are hematologic, neurologic and psychiatric disorders. Notably, vertigo, tiredness, malaise and cognitive impairment have been traditionally ascribed as 'normal aging' signs [10] . Most of these disorders and symptoms are usually seen as 'normal aging' signs. However, severe vitamin B 12 deficiency causes an irreversible degeneration of the nervous system [11] . Thus, an early diagnosis and treatment of subclinical vitamin B 12 deficiency is essential. In order to reach a more efficient diagnosis, a combination of several markers associated with vitamin B 12 metabolism could be used in place of a single vitamin B 12 measurement [5] . The most reliable markers are serum folate (sFolate), red blood cell folate (RBC folate), holotranscobalamin (HoloTC), methylmalonic acid (MMA) and homocysteine (Hcy).
One of the major problems when attempting to diagnose vitamin B 12 deficiency is the choice of the cut-off values for each of the markers. For instance, due to the high variability of cut-off values across laboratories, vitamin B 12 deficiency prevalence ranges from 3% for people aged ≥ 3 years to 67.6% for elderly (71-74 years) [12, 13] . This prevalence can increase up to 15.8% for institutionalized elderly, which presents a greater risk for vitamin deficiencies than the free-living elderly [1] . Epidemiologic data by Andres et al. confirmed that 20% of the elderly present megaloblastic anemia in developed countries [14] . Finally, the different analytical methods used to measure vitamin B 12 and its co-markers introduce an additional dispersion factor for cut-off setting.
The objective of this study is to provide a review of the published biomarkers and cut-off values for the diagnosis of vitamin B 12 deficiency with respect to age, gender and methods of detection. The lack of consensus worldwide calls for a re-examination of the reference values currently employed to detect mild, moderate and severe forms of vitamin B 12 deficiency.
Materials and methods
The electronic database MEDLINE (http://www.ncbi.nlm. nih.gov) was searched for studies published between December 1992 and May 2014. Terms 'vitamin B 12 ', 'cobalamin', 'cut-off', 'deficiency' as well as combinations out of these terms were entered in the database. In addition, references in relevant articles were also used to get further information.
Only articles containing vitamin B 12 cut-offs were chosen. The rest of cut-offs (MMA, Hcy, HoloTC, sFolate and RBC folate) were collected when they were available. Additional data including analytical methods, geographic area, sample size and age were included if available, whereas health status of the population under study was not considered. Data on creatinine was also taken into account when authors gave this information to assess renal function. Articles were excluded if the cut-off for vitamin B 12 was not included, or in case of a review, a systematic review or meta-analysis.
Results
A total of 69 articles were included in this review. Table 1 summarizes the main data in each study, ordered from lowest to highest cut-off points of plasma vitamin B 12 concentration.
Nine studies involved a sample size ≤ 100 persons, 39 studies between 100 and 500, eight articles between 500 and 1000 and 13 with more than 1000 participants. The overall number of participants was 48,868 subjects. Fortytwo studies specified the gender of the participants, 18 studies did not provide gender information and nine were only performed in one gender. In terms of age, 41 studies recruited subjects ≥ 60 years and 25 studies subjects ≤ 60 years. Three studies divided the population in different age groups [12, 13, 15] and only one depending on racialethnic group [12] . Forty studies were carried out in European countries, 20 in American countries, four in Asiatic countries, three in oceanic countries and two in Africa.
Vitamin B 12
The current standard clinical screening test for vitamin B 12 deficiency is the determination of total vitamin B 12 concentration in plasma or serum. Some authors considered deficiency when vitamin B 12 concentration was below the low limit of indeterminate interval (grey zone), and others did not specify if they took the low limit of this indeterminate interval or the low limit of the reference range.
Cut-offs employed to define vitamin B 12 ranged from 100 pmol/L [16, 17] [2] . They admitted that it might be too high, because the MMA concentrations in subjects in the second quartile (227-≤ 269 pmol/L) of serum vitamin B 12 were not significantly different from those in subjects in the third (270-≤ 330 pmol/L) and fourth quartiles ( < 331 pmol/L). Rajan et al. suggested 221 pmol/L was a more appropriate cut-off [20] . Others recommend to restructure the normal range and to raise the vitamin B 12 cut-off point for elderly to a much higher value than 220-260 pmol/L [21] . However, recently, Valente et al. used the lower limit of the 95% central reference interval (123 pmol/L) as established from their reference population [22] .
Holotranscobalamin
Cut-offs for HoloTC ranged between 20 and 50 pmol/L. The lower one was established by Valente et al. [22] by using FPIA measurement and the higher one was set by Hvas and Nexo [23] , Bor et al. [24] and Llody-Wright et al. [25] using CPB and ELISA analytical methods, respectively. The principal methodology run was RIA assay (65%) and the corresponding cut-off range was between 35 and 40 pmol/L. Only 20 authors considered HoloTC in their studies. 
sFolate
This variable was measured in 40 studies and the method mostly used for analysis was RIA (53%). The most common cut-off used was 6.8 nmol/L (22.5% of studies), followed by 7 nmol/L (17.5%), although values ranged from 3.7 nmol/L (RIA) to 15.9 nmol/L (MEIA).
RBC folate
Only 14 articles (20.6%) included RBC folate measurement. All studies used different cut-off concentrations which ranged between 124 nmol/L (CLIA) and 397 nmol/L (MEIA). The most common methodology was CLIA.
Creatinine
Creatinine values were separated by gender in 13 articles, reporting a cut-off range from 90 μmol/L to 141 μmol/L for males and 79.6 μmol/L to 120 μmol/L for females. Fifteen articles did not separate data by gender, giving a cut-off interval from 97 μmol/L to 141 μmol/L. The majority of studies have considered 120 μmol/L or 124 μmol/L as high reference range limit for males and 115 μmol/L for females.
Discussion
A major problem when comparing vitamin B 12 deficiency prevalence across studies consisted on the variability of cut-off values used. Several factors can be addressed in this context. The first one was the method used to establish cut-offs values since means, medians, two or three SD or percentiles and the analytical methods used to measure biomarkers were diverse. Another issue was the application of values obtained from younger subjects to the elderly. All these factors contributed to scattered cut-off values. This is the first review to group information on cut-off values for vitamin B 12 deficiency from 1992 to 2014, taking into account age and analytical detection methods. Regarding the literature, the prevalence of vitamin B 12 deficiency in British elderly ranged from 5% (age 65-74 years) to 10% (age > 75 years) with 150 pmol/L as a cut-off [29] . Sanchez [18] . A detailed study on vitamin B 12 status was carried out by Vogiatzoglou et al.; using 150 pmol/L as cut-off, they found a prevalence of 0.4% for adults and 1.7% for elderly [13] .
Only four authors used vitamin B 12 as a single marker, while the rest of them made a combination of markers, as already proposed by Valente et al. [22] and Palacios et al. [5] . The biomarker most included was Hcy (78%) followed by MMA (65%), sFolate (59%), HoloTC (30%) and RBC folate (21%). The small number of studies including RBC folate was unexpected, as erythrocyte folate is considered a more precise physiological marker of folate concentrations than sFolate. This may be due to the preparation of samples for RBC folate measurement which requires more laborious steps than for sFolate. Additionally, both folate markers should be measured to assess if there is a mixed deficiency between folate and vitamin B 12 [1] . However, MMA measurement is important to distinguish between vitamin B 12 and folate deficiency. Elevated MMA is a specific marker of vitamin B 12 deficiency while Hcy rises in both vitamin B 12 and folate deficiencies [2, 31] .
The majority of studies did not take into account age or gender of participants when they applied the cut-offs values. For example, none of the studies modified the cut-offs for vitamin B 12 depending on age and only two for MMA. Vogiatzoglu et al. [13] set different cut-off values for middle-ages (47-49 years; 0.280 μmol/L) and elderly (71-74 years; 0.360 μmol/L) due to different creatinine and vitamin B 12 concentrations. In the same way, Clarke et al. took in consideration both age and renal function to adapt cut-offs because their study was carried out in elderly [10] . In the elderly, impaired renal function could be an important confounding factor for Hcy and MMA [32] . For this reason, we have included in the Table 1 the creatinine cut-off values when available. In the same way, none of the studies included different cut-offs for Hcy depending on age. Only Carmel et al. [27] and Gamble et al. [28] reported values for males (m) and females (f) separately: 17.1 μmol/L (m) and 16.8 μmol/L (f), and 11.4 μmol/L (m) and 0.4 μmol/L (f). Age and gender did not seem to influence the choice of cut-offs values for both sFolate and RBC folate.
MMA was predominantly measured using GC-MS methods. This method is expensive and not available in all the routine laboratories. Therefore, Palacios et al. proposed an algorithm to differentiate vitamin B 12 from folate deficiency with no need for MMA measurement [5] .
Countries that currently mandate folic acid fortification as well as individuals under multivitamin supplementation may require specific reference values for the diagnosis of vitamin B 12 deficiency [33] . Vitamin B 12 supplements or food fortification should be taken into account in countries that use this kind of supplementation. A study by Sanchez et al. showed that a daily dose of 1.4 ug of vitamin B 12 was not sufficient to improve vitamin B 12 status [30] . Supplementation with higher doses of vitamin B 12 ( > 500 ug/day) have proven effective in Latino populations residing in USA [34] and institutionalized Spanish elderly increased significantly from 308.4 pmol/L to 558.3 pmol/L (p < 0.001) [35] . Also, Favrat et al. showed that oral vitamin B 12 treatment normalized the metabolic markers [4] . However, this response did not persist for an additional 3 months following cessation of therapy. These discrepancies may be the result of employing the same cut-offs for diagnosing vitamin B 12 deficiency in populations exposed to different basal levels of vitamin B 12 and folate. Vitamin B 12 is not the only vitamin affected since folate is also added to food in some countries. In these countries with food folate fortification or populations taking folic acid supplements, the upper reference limit for Hcy is usually 20%-25% lower than in non-fortified populations [36] . Clarke et al. suggested as ultimate gold standard for vitamin B 12 deficiency the reduction in increased Hcy or MMA concentrations and improvement in clinical symptoms or signs in response to vitamin B 12 treatment [10] .
Limitations of this review comprise the lack of information on preanalytical procedures, analytical performance and diagnostic accuracy, even if these factors may have a deep impact on cut-off values choice. Unfortunately, the majority of articles did not specify these kinds of data. Therefore, we were not able to include them in our review.
Conclusions
There is no consensus in the literature about cut-off points for blood vitamin B 12 reference ranges and its associated metabolites. In most of the studies, age and gender were not taken into account when measuring any of these biomarkers, nor the use or consumption of fortified food. Published data in the literature regarding deficiency percentage should be considered with caution. For future studies on vitamin B 12 status, it would be necessary to establish different reference cut-offs according to age and gender, considering the analytical methods used.
